In the present study, a new strategy of analysis was used to determine the optimal interval of a single-phase resistive load to operate a fixed-speed wind turbine. The essence of this optimal range is to enable the generator to have stable voltages and current balances, large power, and an acceptable frequency range, and also mitigate generator overheating. The generator windings and excitation capacitances were prepared according to the C-2C connection scheme with suitable values of excitation capacitances. The admittance matrix of the system was based on positive and negative sequence generator voltages and was calculated by symmetrical components theory. The generator performance was found through optimization of the determinant admittance matrix magnitude. Moreover, balanced position of the generator can be achieved near the maximum load power. Consequently, the best interval of resistive load of the generator (1.5 kW) was found around 2% voltage unbalance factor. The appropriate optimal load was approximately ±6% of the perfect balance resistive load value.
good advantages such as simple and lower probability of mechanical resonance, lack of harmonics, and lower investment cost [8] .
The conversion of a three-phase SEIG to feed a single-phase load may result in unwanted performance. The drawbacks may include low generation efficiency, frequency variances, large voltage fluctuations, severe vibrations, and rising temperature. However, using suitable excitation capacitors, these unwanted effects can be alleviated by modified Steinmetz connection [9] , Smith connection [6] , or C-2C connection, which is a special case of the modified Steinmetz connection (i.e. R auxiliary load = ∞ and Ca = 2Cm). Moreover, these connections of SEIGs and other types of connections were discussed in [10] .
According to the literature, a number of studies have been published dealing with SEIG performance and models but only in three-phase loads [2, 11, 12] . In contrast, Chan and Lai proposed a method of phase balancing for a SEIG supplying single-phase resistive load, using the modified Steinmetz connection [9] and Smith connection [6] . Wang and Lee [13] also proposed a three-capacitor circuit scheme, as well as a method to estimate the values of self-excited capacitors, which allow the SEIG to be balanced. In another study, Anagreh and Iqteit [3] proposed a scheme that provides acceptable phase balance and large output power. Bhattacharya and Woodward [14] studied SEIG excitation balancing for maximum power output.
In research by Chan [15, 16] , balancing a SEIG with one excitation capacitor was investigated using singlephasing mode operation and Steinmetz connections I and II. The perfect balance operation was discovered when the induction generator runs reverse rotation. Alolah and Alkanhal [17] used a sequential genetic (GA)/gradient optimizer to minimize the unbalance between stator voltages. The authors noted that the maximum value of the unbalance factor does not exceed 7% at 0.5 load power factor (lagging) when the induction generator is excited by two shunt capacitors. Furthermore, the transient and steady-state model of a self-excited single-phase induction generator was proposed in [18] with an application of lighting an animal farm by biogas energy.
In the present study, the C-2C connection was used to simplify the analysis. To obtain the generator characteristics, a singular admittance matrix was derived by assigning positive and negative sequence generator voltages. Usually, remote rural areas have mostly resistive loads. When these loads are coupled with a SEIG at fixed speed wind turbine, the SEIG frequency and magnetizing reactance are changed. These values can be found through magnitude determinant optimization of the singular admittance matrix. The present research also presents the generator performances with different loads and different excitation capacitors. In addition, the main critical points of the generator, i.e. perfect balance point, maximum power point, and breakdown point, were determined. This work presents an application to drive a SEIG by a fixed-speed wind turbine. Most of the literature focused only on the balancing condition of the SEIG when supplying single-phase load. However, the main contribution of this work is determining the best range of load demand to provide consumers with the best quality of frequency, voltage, and energy. In addition, the appropriate speed and excitation capacitors of the C-2C connection were specified to drive the SEIG at the best balancing conditions. The C-2C connection was used in this application due to its simplicity, costs, and perfect balance point. These optimal values and load range result in the reduction of initial operation cost, reduction in the unbalance effects of the SEIG, and supplying high-quality energy to consumers. Figure 1 shows the wind turbine system, including a fixed-speed wind turbine and induction generator. The C-2C connection is used as a delta connection and supplies a single-phase resistive load. Moreover, the generator is excited by the C-2C configuration method [6] . From the theories of wind energy, it is known that the wind turbine mechanical input power can be represented in terms of area swept by the rotor ( A) , air density ( ρ) , power coefficient ( C p ) , and wind speed ( u) [12] . 
System connection and analysis model
where C p depends on the tip speed ratio ( λ) , which can be calculated as
The relation between C p and λ was obtained from the manufacturer of wind turbines. However, with modern turbines, a value C p ∼ = 0.5 can be used, which is not far from the Betz limit ( C p max = 16 / 27 ∼ = 0.59) [8] .
Depending on the circuit in Figure 1 , the inspection equations (3) to (6) were obtained.
By using symmetrical component theory and elimination of zero sequence of voltage and current [6] , the stator phase voltages and currents can be expressed by
where F is voltage V or current I .
When Eq. (6) is transformed into positive and negative sequence components, the result is expressed as follows in Eq. (8):
Positive and negative sequence equivalent circuits of the SEIG, used for supplying a single-phase load at rated frequency, are given respectively in (a) and (b) of Figure 2 [19] . From Figure 2 , the following equation can be obtained: [
Now subtracting Eq. (9) from (8) will result in Eq. (10) .
From Eq. (10) the expression of voltage unbalance factor (VUF) can be written as
where Y p and Y n can be calculated from Figure 2 .
From Eqs. (9) and (10), the expressions of current unbalance factor (CUF) can be written as
Under steady-state self-excitation, st
] ; therefore, the coefficient matrix in Eq. (10) is a singular matrix, i.e.
For given values of excitation capacitances, load resistances, and speed, the values of F and X M can be determined using Eq. (13), when the function | f (X M , F ) |is minimum. In the present study, MATLAB code was used to solve the optimization problem to obtain the unknowns F and X M . After determining F and X M , the positive-sequence air gap voltage was found from the magnetization characteristic X M -(Eg = Vg / F ) (Appendix). Then the performance of the SEIG was computed and analyzed using Eqs. (3) to (12) and the circuits in Figure 2 .
Perfect balance conditions
Modified Steinmetz and Smith connections can be used to achieve the perfect balance operation of a SEIG when single-phase resistive load is used. The perfect balance conditions of these connections are shown in Table  1 , whereas the C-2C connection shown in Figure 1 is the perfect balance connection of the SEIG. This SEIG achieves the perfect balance point when the negative sequence voltage vanishes ( V ns = 0). According to Eq.
(10) the perfect balance condition of C-2C is given by Modified Steinmetz [9] Smith [6] C-2C
Perfect balance
o purely resistive load At removed auxiliary load (R L2 )
The strategy of system analysis
Usually, electric systems in remote rural areas are not complex and must have low initial costs. For these reasons, a fixed-speed wind turbine, SEIG, and single-phase network are usually preferable. System protection and maintenance cost reduction, together with generator components, sustainability, and consumers' satisfaction in using frequency and voltage service, are the main targets of this research.
The negative effects of unbalanced voltage on three-phase induction machines are rising machine temperature, increasing losses, decreasing machine efficiency, and reduction in generated power [20] . Wind turbines must run in normal conditions (90%-105% voltage and 49-51 Hz), but should also be able to work outside of these ranges within identified time limits [21] .
Unbalanced currents in stator windings occur due to the nonequal line voltage of the SEIG. The deviation in frequency should not exceed ±5% if the voltage is at the rated value, while the variation in voltage should not exceed ±10% if the frequency is at the rated value [22] . Through these limitations and association with perfect balance point, maximum power point, and breakdown point, the best loading interval of the SEIG can be found. According to the National Electrical Manufacturers Association, the percentage of unbalanced voltage is given by
Consequently, the flowchart shown in Figure 3 explains the selection procedure of the optimal loading range of the SEIG under unbalanced loading current. Figure 3 . Flowchart for selecting the procedure of the optimal loading range of the SEIG.
Results and discussion
The squirrel cage machine was simulated when a fixed speed wind turbine was connected as a prime mover. The wind turbine provided a constant speed that is greater than synchronous speed. Induction generator parameters and magnetization characteristic and base values are given in the Appendix [3] .
Performance of the SEIG and critical operation points
Figures 4 to 6 show the performance and critical points operation of the SEIG when driven by a wind turbine at fixed speed 1515 rpm and excited with capacitors at 40 µ F. Figure 4 shows the change in load power, load voltage, and VUF with load current. The critical points, perfect balance point, maximum power point, and breakdown point are also presented in the same figure (Figure 4) . Additionally, this figure shows that the voltage unbalance factor at the load that gives the maximum power is equal to 5.822%, while the SEIG reaches breakdown when VUF is greater than 7.845%. Figure 5 shows the variation in the magnitude and angle of VUF with load current. At load current 1.11 pu the VUF equals zero, its angle jump is 48.77°, and the generator reaches the balance position. Figure 6 shows the variation in the frequency and VUF with load resistance. The balancing resistance is 0.79 pu and the frequency of the generator equals 0.9803 pu. Moreover, the frequency at the maximum power is 0.9689 pu and resistance maximum power equals 0.49 pu. Furthermore, Figure 6 illustrates that the frequency and VUF linearly increase when the load resistance is greater than 2 pu. respectively. Figure 8 shows the variation in the frequency with load power for different capacitors excitation. The variation frequency curve dramatically dropped between the balance power point and the maximum power point. This effect can be seen when the characteristic generates at 40 µ F. In addition, Figures 7 and 8 show that the load voltage and the frequency can be easily controlled by changing the value of the excitation capacitors. Figure 9 shows the relation between total reactive power and load voltage. From this figure, the following conclusions were observed: at balance voltage, the total reactive power equals zero; it is negative between balance voltages and maximum power and positive when the load voltage is greater than balance voltage. In addition, between the perfect balance and maximum power positions, the generator has a linear characteristic ( Q total − V load curves having approximately the same slope). Figure 10 shows the relation between real load power and total reactive power. It also shows that the curve of P Load − Q total decreases between balance and maximum power position. Additionally, it should be noted that the area inside the capability curves shown in Figure 10 increases when the values of the excitation capacitors are increased. Table 2 summarizes the characteristics of the system shown in Figure 1 at different types of operation points when the excited capacitor C = 40 µ F and the speed of the wind turbine is equal to 1515 rpm. For example, the voltage unbalance factor was equal to zero at the perfect balance point. At this point, the total reactive power was also equal to zero and the current and the voltage of the windings reached a state of balance. However, when comparing the results from Figures 4 to 10 together with the acceptable limitations, it can be concluded as, at 1515 rpm speed and 40 µ F excitation capacitor value, the load is not suitable for the supply because it is outside the acceptable ranges. Table 2 . The best important operation points of the SEIG at excited capacitor C = 40 µ F and wind turbine speed 1515 rpm. 
SEIG characteristics with different excited capacitors
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Selecting the optimal interval loading
The following parameters are important for selecting the best load interval: VUF, CUF, load power, load voltage, load current, total reactive power, and frequency of the system. Taking into account the previous acceptable limitations, compilation of the parameters' variation according to VUF helps in determining the best interval load as shown in Figure 11 . After exciting the generator with C = 60 µ F capacitors and 1530 rpm speed, the perfect balance line and maximum power line helped to determine the best interval load. Figure 11 and Table 3 show that when the deviation of the frequency -3% ∈ [-5, 5]%, the average of voltage is equal to 0.9987 at VUF = 1.88%. Therefore, this condition agrees with the strategy of selecting the optimal interval load. However, at the maximum limit of load interval, the average value of unbalance currents was equal to 1.285 pu. There is a large probability that this overcurrent causes overheating in the winding of the SEIG, but this problem can be solved by selecting an appropriate insulation class and a high service factor of induction machine [23] or by reducing the excitation capacitor to less than 60 µ F but this solution will change the service voltage. However, Table 3 reports the parameter variation values suitable for the determination of the best interval loads. The best load interval was determined as [0.47, 0.6023] pu. All parameters determined in this study almost matched the limitation values according to the analysis strategy. Voltage unbalance factor (VUF) (pu) 
Conclusions
Green energy has become a very important area in energy generation due to the problems associated with fossil fuels. This research revealed that by using the C-2C connection with suitable values of excitation capacitance the interval between the balanced position and the maximum load power of a generator is considerably diminished (about 4% of VUF). The best interval load of the generator was found around 2% VUF. Approximately, ±6% of the perfect balance resistive load value was determined as the best optimal level. Application of the values obtained in this study in a three-phase generator would generate more energy and mitigate overheating of the system. Most importantly, from an economic point of view, it is a very simple system to set up. 
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